
Introduction

The upper airway warms and humidifies the inspired air to 
prevent drying of the secretions in the lower airway tracts, plug-
ging and mucosal injury. Bypassing the upper airway by endotra-
cheal intubation during general anesthesia can lead to the loss of 
the air conditioning function of the upper airway. Heated breath-
ing circuits (HBCs) are used to replace upper airway function 
during general anesthesia.

The potential hazards of HBCs include thermal lung injury, 
nosocomial infection, increased likelihood of circuit discon-
nection, increased airway resistance from excess water con-
densation in the breathing circuit, and interference with flow 
meter function. Therefore, one heated breathing circuit (Heated 
Circuit, ACE Medical, Seoul, Korea) uses an air dryer filter to 
remove water vapor from exhaled air, and it prevents water va-
por condensation in the anesthesia machine. This HBC air dryer 
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filter uses silica gel (SG) as a desiccant. 
In a recent case report, a misconnected air dryer filter led to 

an insufficient desflurane concentration during general anes-
thesia [1], and the authors proposed that the SG in the air dryer 
filter had adsorbed desflurane.

However, no studies about SG adsorption of desflurane are 
available, and only one experimental study of SG’s adsorption of 
isoflurane exists [2]. Therefore, we undertook an in vitro study 
of the adsorption of desflurane by HBC air dryer filters.

Materials and Methods

The in vitro experimental study was performed using an 
anesthesia machine (Aestiva S/5 anesthesia delivery system, GE 
Datex-Ohmeda, Munich, Germany) that is currently used in our 
hospital for general anesthesia.

A schematic diagram of this experiment is shown in Fig. 1. 
The HBC (Heated Circuit, ACE Medical, Seoul, Korea) was con-
nected to the anesthesia machine, and a test lung (Maquet, Mu-
nich, Germany) was connected to the circuit. The test lung was 
mechanically ventilated using the volume control mode (tidal 
volume 500 ml, respiratory rate 10 breaths/min, IE ratio 1 : 2) with 
and without the air dryer filter. An air dryer filter was attached 
to the expiratory limb of the HBC. Desflurane was administered 
at a 6 vol% on the vaporizer dial setting with a fresh gas flow 
(FGF) of 100% O2.

The experiments were conducted with two FGF rates (2 L/min 
and 4 L/min) in two subgroups based on the application of the 
air dryer filter. Fifteen trials were performed for each subgroup 
(a total of 4 groups: Control 2L, Filter 2L, Control 4L, and Filter 

4L); a total of 60 trials were conducted.
An external gas analyzer (IntelliVue Anesthetic Gas Mod-

ules G5, Philips, Boblingen, Germany) was used for anesthetic 
concentration measurements. A gas sample of 200 ml/min was 
obtained from the Y-piece of the circuit between the circuits and 
the test lung. The end-tidal concentrations of desflurane were 
measured every 12 seconds for 30 minutes. The end-tidal desflu-
rane concentrations after administration every 5 minutes were 
compared with the applications of the air dryer filter.

To minimize the effects of remnant desflurane from each 
previous test, a washout procedure was performed for the next 
experiment as follows. A new breathing circuit was attached to 
the anesthesia machine, and a new test lung was connected to 
the Y-piece of the circuit. The circuit and anesthetic machine 
were flushed with oxygen using mechanical ventilation for a 
minimum of 40 minutes. Following the washout procedure, the 
carbon dioxide absorbent was renewed, and the new HBC was 
connected to the anesthesia machine for the next experiment.

The experiments were conducted at an operating room tem-
perature of 21oC. To minimize the influences of heat and humid-
ity on adsorption, we did not heat the circuit or add water to it.

To verify the adsorption of desflurane, the filter weights were 
measured before and after each experiment. To assess the influ-
ence of the air dryer filter on the desflurane wash-in times, the 
times to achieve 90 and 75% wash-in were determined. The end-
tidal wash-in concentrations were 5.4 and 4.5 vol%, respectively. 

All data are presented as means ± standard deviations. Nor-
mality testing of the measured variables was performed by both 
visual inspection of the Q-Q plots and the application of the 
Shapiro–Wilk test. No deviations from normality were detected, 
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Fig. 1. Schematic diagram for the experi
ment. A heated breathing circuit (HBC) 
was connected to an anesthesia machine, 
and a test lung was connected to the Y-piece 
of the circuit. A silica gel filter was placed at 
the expiratory limb of the circuit. The gas 
sampling tube for the external gas analyzer 
was connected to the Y-piece between the 
HBC and the test lung.
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justifying the use of parametric testing.
Repeated-measured analysis of variance was used to detect 

differences in the end-tidal desflurane concentrations with ap-
plication of the air dryer filter with each FGF. The significance 
level was set at 0.05, and adjustments were made if a violation of 
sphericity was identified (a Huynh-Feldt adjustment if the sphe-
ricity estimate was > 0.75 or Greenhouse-Geisser otherwise). 
The paired t-test was used to compare the filter weights before 
and after the experiments in each FGF. Student’s t-test was used 
to compare the weight changes between 2 and 4 L/min FGF and 
for comparing the wash-in times to achieve the specific concen-
trations of each FGF. Statistical analyses were performed using 
IBM SPSS Statistics version 19.0.0 (IBM Corp., Armonk, NY, 
USA). P values less than 0.05 were considered significant.

Results 

Significant differences in end-tidal desflurane concentrations 
were observed depending on the application of the air dryer fil-
ter with both FGFs (P < 0.001, Fig. 2), and significant differences 
were also observed in the end-tidal desflurane concentrations 
depending on the FGF (P < 0.001, Fig. 2).

The air dryer filter weights increased significantly from 94.36 ± 
1.15 g before the experiments to 104.3 ± 1.07 g after the experi-
ments with 4 L/min of FGF and from 94.76 ± 1.00 g before the 

experiments to 103.61 ± 1.09 g after the experiments with 2 L/min 
of FGF (P < 0.001, Table 1). The changes in filter weights after 
the experiments were significantly different between the two 
FGFs: 9.94 ± 0.54 g with 4 L/min of FGF and 8.85 ± 0.56 g with 
2 L/min (P < 0.001, Table 1). 

With 4 L/min FGF, the times required to achieve 90% desflu-
rane wash-in were 16.85 ± 1.88 min without the filter and 24.09 
± 2.13 min with the filter; significant differences in the times 
required to achieve 90% desflurane wash-ins were observed 
between the filter and the control groups (Fig. 3). With a 2 L/
min FGF, the time required to achieve 90% wash-in of desflu-
rane without a filter was 27.12 ± 2.31 min. However, the time 
to achieve 90% desflurane wash-in with 2 L/min FGF with the 
filter could not be measured (Fig. 3) because the desflurane con-
centration after the experiments (30 minutes subsequent) was 
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Fig. 2. Comparison of the end-tidal desflurane concentration time curves. 
The experiments were conducted with FGFs of 4 L/min (circles) and 
2 L/min (squares) in two subgroups based on the application of the 
air dryer filter (open symbols: control group without silica gel filter; 
filled symbol: experimental group with silica gel filter). *Significant 
differences in the end-tidal desflurane concentrations were observed 
between the control and filter groups with both 4 L/min (open vs. filled 
circles) and 2 L/min fresh gas flows (open vs. filled squares) (P < 0.001). 
†The end-tidal desflurane concentrations with air dryer filters were 
significantly different between 4 L/min (filled circles) and 2 L/min of 
fresh gas flow (filled squares) (P < 0.001).

Table 1. Filter Weights before and after the Experiments

Air dryer filter weights
Δ Weight †(g)

Before experiments (g) After experiments (g)

FGF 4 L/min 94.36 ± 1.15 104.30 ± 1.07* 9.94 ± 0.54
FGF 2 L/min 94.76 ± 1.00 103.61 ± 1.09* 8.85 ± 0.56

Values are mean ± SD. *The air dryer filter weights changed significantly 
with both fresh gas flows compared with the pre-experiment weights (P 
< 0.001). †The filter weight changes were greater with 4 L/min of fresh 
gas flow compared with the 2 L/min FGF (P < 0.001). FGF: fresh gas 
flow. Δ Weight: the differences of filter weights between before and after 
experiments.

Fig. 3. Times to achieve specific end-tidal desflurane concentrations. 
The dashed line indicates when the measurements ended. *More time 
was required to achieve the specific end-tidal desflurane concentrations 
with air dryer filters compared with the control group (P < 0.001). 
†The end-tidal desflurane concentration did not reach 5.4 vol% after 30 
minutes, and therefore these time data could not be obtained.
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4.63 ± 0.14 vol%; i.e., the concentration did not reach 5.4 vol% 
during the experiments (Fig. 3).

With a 4 L/min FGF, the times required to achieve 75% des-
flurane wash-in were 1.21 ± 0.23 min without the filter and 1.41 ± 
0.13 min with it (Fig. 3). Statistical significance was not observed. 
With a 2 L/min FGF, the times required to achieve 75% desflu-
rane wash-in were 16.24 ± 1.27 min without the filter and 28.12 
± 1.71 min with it. Significant differences in the times to reach 
75% desflurane wash-in were observed between the filter and 
the control groups with 2 L/min of FGF (Fig. 3). 

Discussion

Significant differences were observed in the end-tidal des-
flurane concentrations based on the application of the air dryer 
filter irrespective of the amount of the FGF. The time required 
to reach the same end-tidal desflurane concentration was lon-
ger with the application of the air dryer filter. The filter weights 
increased significantly after the experiments. Therefore, we veri-
fied that SG was able to adsorb desflurane vapor in this in vitro 
study. 

SG is an adsorbent that is most frequently known as a desic-
cant. SG is often considered to absorb moisture, but it removes 
moisture by adsorption rather than absorption in a strict sense.

Adsorption is similar to absorption, but the processes differ. 
Adsorption is the adhesion of molecules to the surface of the 
adsorbent, whereas absorption is the assimilation of substances 
within the bulk of the absorbents. Thus, in adsorption, the con-
centration of adsorbate is higher at the adsorbent surface. In con-
trast, in absorption, the absorbate molecules are uniformly dis-
tributed, and the absorbate concentration is the same throughout 
the bulk of the absorbents [3].

SG is a highly porous form of silicon dioxide. The adsorptive 
property of SG results from this high porosity [4]. The inter-
nal surface area of SG is approximately 700–800 m2/g, and it is 
generally said that the internal surface of a teaspoonful of SG is 
comparable to the area of a football field [5].

Various adsorbents have been used in medicine. Activated 
charcoal is the most often used adsorbent in medical applica-
tions. It is used for the acute management of poisoning caused 
by drugs or chemicals [6-8]. Activated charcoal has been known 
to adsorb volatile anesthetics, such as ether, trichloroethylene, 
halothane, methoxyflurane, isoflurane and sevoflurane [9,10]. It 
is used to adsorb volatile anesthetics in anesthesia research and 
practice. As an adsorber, activated charcoal efficiently prevents 
atmospheric isoflurane contamination during isoflurane seda-
tion [11]. Recently, the attachment of a charcoal filter to the 
anesthesia circuit shortened the extubation time and the time 
to eye opening without adverse effects [10]. Activated charcoal 
has been considered and tested in the preparation of anesthesia 

machines for patients with malignant hyperthermia [12-14]. The 
AnaConDaⓇ filter, which has charcoal as the adsorber, was in-
troduced to reduce the consumption of volatile anesthetics and 
prevent air pollution [15,16]. 

Another adsorbent, zeolite, can also adsorb volatile anesthet-
ics. In an animal study, isoflurane consumption was reduced by 
approximately 70% using a zeolite reflection filter [17]. Zeolite 
effectively removes isoflurane from exhaled gases [18]. Zelolites 
allow for the near-complete desorption of adsorbed desflurane, 
and the possibility of recycling the scavenged volatile anesthetics 
has been proposed [19]. 

However, studies regarding the adsorption of volatile anes-
thetics by SG are rare. 

SG is commonly used as a dehydrating agent. Unlike other 
adsorbents, SG has been generally regarded as a desiccant rather 
than an adsorbent. However, it has not only a dehydrating but 
also an adsorptive function. Dehydration is one of SG’s adsorp-
tion functions. Owing to the insufficient understanding of the 
adsorption property of SG, it would appear that SG is being used 
as a desiccant in heated circuits. Although few reports are avail-
able on SG’s adsorption of volatile anesthetics, it can be easily 
inferred from the adsorptive property of adsorbents that SG is 
capable of adsorbing volatile anesthetics.

SG has the ability to adsorb many organic compounds, such 
as ethers, ketones, aromatic hydrocarbons, and halogenated hy-
drocarbons. The adsorption of isoflurane by SG has already been 
reported [2]. Commonly administered volatile anesthetics, such 
as isoflurane, halothane, sevoflurane and desflurane, are chemi-
cally ‘halogenated hydrocarbons’ that are all closely related. 
Desflurane (2,2,2-trifluoro-1-fluoroethyl-difluoromethyl ether) 
is a highly fluorinated methyl ethyl ether. The structure of des-
flurane is particularly similar to isoflurane with the exception of 
the substitution of a fluorine atom for isoflurane’s chlorine atom 
[20]. Studies on SG’s adsorption of desflurane are not available, 
but this adsorption is easily anticipated given the structure of 
desflurane.

Several papers have described the absorption of volatile an-
esthetics by SG. SG has been used to collect halothane in the air 
of operating rooms to evaluate halothane exposure [21]. Lumb 
and Landon [2] reported that approximately 35 ml of dry SG 
absorbed 1,000 and 1,085 ml of isoflurane vapor, amounts equal 
to 29 and 31 times its own volume, respectively. In a recent case 
report, the adsorption of desflurane by a misconnected air dryer 
filter led to insufficient desflurane concentrations during general 
anesthesia [1].

The majority of modern anesthetic machines are equipped 
with a circle rebreathing system. The inspired gas contains fresh 
gas and rebreathed gas. In high FGFs, the inspired anesthetic 
concentration is more influenced by the anesthetic gas fraction 
of FGF. Conversely, the anesthetic gas fraction of rebreathing has a 
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greater effect on the inspired anesthetic concentration at low FGFs. 
The air dryer filter of the HBC should be placed in the expi-

ratory limb of the circuit. The expired anesthetic gas fraction is 
adsorbed by the SG filter in the expiratory limb of the circuit, 
and the adsorption of anesthetic gases by SG filters affects the 
anesthetic gas fraction of rebreathed gases. Therefore, the impact 
of anesthetic gas adsorption is higher at a low FGF. These re-
breathing properties of are supported by the times that we found 
necessary to achieve specific end-tidal desflurane concentrations 
in this experiment. The anesthetic gas concentrations of the cir-
cuit are more influenced by the anesthetic gas fraction of FGF 
at a 4 L/min FGF. Conversely, the anesthetic concentrations are 
more influenced by rebreathed gas with a 2 L/min of FGF. 

At an FGF of 4 L/min, a statistically significant difference 
was not observed with the times required to achieve 75% wash-
ins between the filter and the control groups, but significant 
differences in the times required to achieve 90% wash-ins were 
observed. Initially, the end-tidal anesthetic concentration was 
the same for the control and filter groups were because the end-
tidal anesthetic concentration is influenced by the relatively high 
FGF. Later, the end-tidal anesthetic concentration between the 
control and filter groups was significantly different due to the 
adsorption of rebreathed anesthetic gas. At an FGF of 2 L/min, a 
significant difference was observed with 75% wash-in times be-
tween the filter and the control groups. The end-tidal anesthetic 
concentration was affected by the filter from the beginning 
because the anesthetic gas fraction of rebreathing has a greater 
effect on the inspired anesthetic concentration at an FGF of 2 L/
min. Therefore, the impact of anesthetic gas adsorption by the 
SG filter is greater at a low FGF.

In this study, the filter weights increased to 9.94 ± 0.54 g after 
30 min of experiments using a 4 L/min FGF. The density of des-
flurane was 1.45 g/ml, and the weight of the adsorbed desflurane 
was 9.94 g. Therefore, approximately 6.86 ml were adsorbed as a 
liquid. 

Assuming that desflurane is an ideal gas, the equivalent vapor 
volume of adsorbed liquid desflurane can be easily calculated 
from the desflurane density and the amounts of adsorbed des-
flurane using Avogadro’s hypothesis and Charles’s law. Avoga-
dro’s hypothesis states that 1 mole of a liquid when vaporized 
occupies 22.4 L at standard temperature and pressure (STP, 0oC 
and 760 mmHg). The molecular weight of desflurane is 168, and 
therefore, the weight of 1 mole of desflurane is 168 g; in addi-
tion, when vaporized, 1 mole of desflurane occupies 22.4 L at 
STP. One gram of adsorbed desflurane is approximately 133.3 
ml of desflurane vapor at STP. Therefore, the vapor volume of 
adsorbed desflurane was 1.33 L at STP and 1.43 L at 21oC and 
standard pressure, as calculated by Charles’s law. 

Using a 2 L/min FGF, the filter weights increased to 8.85 ± 
0.54 g after 30 min of experiments. The volume of the adsorbed 

desflurane liquid was approximately 6.10 ml using the calcula-
tions mentioned above. The volume of desflurane vapor is 1.18 L 
at STP and 1.27 L at 21oC and standard pressure.

The amount of delivered desflurane can be roughly calculated 
using the FGF and the vaporizer dial setting. Using a 4 L/min 
FGF, 6 vol% desflurane was delivered for 30 min, and therefore, 
the delivered desflurane vapor was 7.2 L. Consequently, approxi-
mately 19.9% of the delivered desflurane (1.43 L of desflurane 
vapor) was absorbed by the air dryer filter at an FGF of 4 L/min.

With a 2 L/min FGF, the amount of delivered desflurane 
vapor was 3.6 L according to the calculations described above. 
Therefore, approximately 35.3% of the delivered desflurane (1.27 
L desflurane vapor) was absorbed by the air dryer filter at an 
FGF of 2 L/min.

The proportion of desflurane adsorption depends on the 
FGF; a greater proportion of desflurane is adsorbed at lower 
FGFs than at higher flows. Therefore, it can be said that desflu-
rane wash-in is more affected at lower FGFs. 

In the experiment by Lumb and Landon, adsorption of iso-
flurane did not occur when the SG was fully saturated with wa-
ter vapor [21], and the adsorbed isoflurane was displaced with 
a more polar compound, such as water. In clinical situations, 
the adsorption of anesthetics may be affected by water from the 
patient’s expiration and the added water of the HBC. However, 
air dryer filters are not fully hydrated during general anesthe-
sia. Unless the air dryer filter is fully hydrated, adsorption may 
continue during general anesthesia. In this experimental study, 
we did not add water or heat to the circuit, and the effect of hy-
drated SG on the adsorption was not studied. 

All of the halogenated volatile anesthetics are recognized 
greenhouse gases [22,23]. 

Two recent papers provide the global warming potentials 
(GWP) of volatile anesthetics [22,23]. GWP is a value for com-
paring the heat-trap abilities of greenhouse gases with that of 
carbon dioxide. Ryan and Nielsen [22] provided the GWP20 
values for volatile anesthetics, and Sulbaek Andersen et al. [23] 
provided the GWP100 values for volatile anesthetics. In particu-
lar, desflurane has the greatest effect on the environment among 
the volatile anesthetics. 

The consumption of volatile anesthetics may be increased if 
an SG filter is used during general anesthesia. The adsorption 
process is reversible, and therefore, desorption of the volatile 
anesthetics from the disposed SG filters could adversely affect 
the environment if the air dryer filter is not processed before 
disposal. 

This study has some limitations. First, because we used only 
one anesthesia machine in our experiments, rebound effects 
from silicone and rubber components could have occurred de-
spite the time spent washing out the anesthesia machine [12]. 
Because of the rebound effect, an increased washout time might 
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be required for precise experiments. 
Second, the environmental temperature and humidity was 

not measured. Although no water was added to the circuit, envi-
ronmental humidity could affect the weight changes of filters. 

Third, true anesthetic practices are not identical to the con-
ditions used in this experiment. HBCs are used with heat and 
added water in clinical anesthetic practices, but heat and water 
were not added in this experiment. Exhaled water vapor is pres-
ent during general anesthesia, but it was not present in this ex-
periment. 

Furthermore, volatile anesthetic absorptions by patients 
were not considered in this experiment. In clinical situations, 
the inhalation anesthetic wash-in is affected by the uptake of 
anesthetics by the blood in the patient’s lungs. Therefore, the 
inhalation anesthetic wash-in differs according to the patient’s 
disease states, especially conditions such as cardiac disease or 

pulmonary disease. In this experiment, there was very little up-
take by the test lung. This experiment was not identical to clini-
cal anesthetic practice. Therefore, additional studies regarding 
the adsorption of anesthetics by air dryer filters during general 
anesthesia should be performed.

In conclusion, silica gel is adsorbent, and SG filters can 
adsorb volatile anesthetics. In this experiment, desflurane ad-
sorption using an SG filter was verified by the increased filter 
weights. The adsorption of desflurane using an SG filter also 
resulted in lower end-tidal desflurane concentrations and longer 
times to reach specific desflurane concentrations. Therefore, 
careful attention should be paid when using SG filters during 
general anesthesia. Additional study will be required to verify 
whether the adsorption of desflurane by SG filters affects anes-
thetic concentrations in clinical situations. 
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